ABSTRACT The release of dense-core vesicles in bovine chromaffin cells is a model for the presynaptic process in neurons. It is usually studied by microamperometry of catecholamines with carbon fibers. Here we introduce transistor recording as a tool to study vesicle release. When we stimulate a chromaffin cell placed on a field-effect transistor, the gate voltage exhibits peaks that correlate with a simultaneously performed amperometric recording. We attribute the transistor signal to a release of protons from the extruded matrix of vesicles that lowers the extracellular pH and changes the electrical surface potential of the gate oxide. The rise time of the transistor signals is similar to that of amperometric responses, whereas their duration is distinctly longer. In a model computation, the rise time is identified with the extrusion of vesicle matrix into the narrow extracellular space between cell and gate oxide, and the decay time is attributed to pH equilibration through slow diffusion in the extruded matrix. Because the transistor recording relies on protons, it can be applied to acidic vesicles with electrochemically inactive hormones or transmitters.
INTRODUCTION
Vesicle exocytosis is an important process in neuronal signaling. It controls the release of transmitters in the presynaptic neuron and elicits a specific response of receptors in the postsynaptic cell. A detailed experimental investigation of the release dynamics became possible when carbon fibers were introduced as fast and sensitive amperometric detectors (1) (2) (3) . The hormonal exocytosis of chromaffin cells became a particularly important model system because of the large size of their dense core vesicles and the electrochemical reactivity of the released catecholamines. Crucial aspects of exocytosis were elucidated in combination with capacitance measurements and fluorescence techniques (4, 5) . In an early step of the release process, soluble components permeate through a pore formed by the membranes of the vesicle and the cell. In a subsequent step, the vesicle membrane unfolds, and the chromogranin matrix of the vesicle is extruded (6, 7) .
Field-effect transistors with an open gate oxide in an electrolyte have been used to record the electrical activity of individual nerve cells (8) . In this study, we introduce transistors as probes for the exocytosis of vesicles. The concept is sketched in Fig. 1 A. A chromaffin cell is attached to the gate oxide of a field-effect transistor. When a vesicle fuses with the plasma membrane, its content is released into the narrow extracellular space between cell and chip. Because of the low pH 5.5 and the high buffer capacitance of a vesicle (9,10), we expect a local drop of the extracellular pH. As a consequence, the protonation of the gate oxide is enhanced. The concomitant change of the electrical surface potential leads to a modulation of the source-drain current as in a classical ion-sensitive field-effect transistor (11) .
Four aspects may render the transistor recording of vesicle release useful in addition to amperometry: 1), The proton mechanism of recording may enable a study of acidic vesicles (12) with electrochemically inactive hormones and transmitters. 2), The mechanism of detection may provide additional information on vesicle release. 3), Large arrays of transistors allow a parallel recording of many cells for biosensor applications. 4), Transistor arrays may be able to record synaptic activity and electrical excitation in a neuronal network simultaneously.
MATERIALS AND METHODS

Transistors
We use silicon chips with a linear array of 96 p-channel field-effect transistors (13) . The metal-free gates made of silicon dioxide have an area of 2 mm 3 20 mm. A perspex chamber is attached to the chip with a shape that provides laminar flow of the bath solution. The chips are cleaned with a dishwashing detergent and rinsed with 80°C deionized water. They are UV sterilized and coated with collagen (C9791, Sigma-Aldrich, St. Louis, MO) by adsorption from a 50 mg/ml solution in deionized water for 2 h at 37°C.
The operating point of the transistors is adjusted by a bias voltage of 0.5 V between source and drain and of 0.7 V between bulk silicon/source and the bath contacted with an Ag/AgCl electrode (World Precision Instruments, Sarasota, FL) that is held on ground potential. The transient signals of the transistor to the activation of chromaffin cells are high-pass filtered at 0.16 Hz to reduce the drift, low-pass filtered at 1 kHz, and sampled at 2 kS/s.
We calibrate the changes of the source-drain current in terms of changes of the gate voltage immediately before each measurement by applying voltage steps to the bath electrode. The transconductances are ;À130 nA/ mV. A calibration in terms of pH changes on the gate is difficult to perform for each measurement without damaging the cell-chip system. We estimate the relation of the voltage change and the pH change by pH titration of transistors with a salt bridge for the reference electrode. For fresh chips we find a slope in a range of À20 to À30 mV/pH. After cell culture, the slope is lowered to ;À10 mV/pH. The oxide seems to be ''passivated'' by cell culture, cleaning, and coating with a lower density of dissociable silanol groups. When we change the normal electrolyte with high NaCl concentration to a high KCl concentration, a signal of ;120 mV is induced as a result of K 1 binding to the oxide (14) . A change of pH sensitivity is not observed. Binding of epinephrine and ATP is negligible as checked by titration.
Chromaffin cells
Bovine adrenal glands are obtained from the local abattoir. Chromaffin cells are prepared by enzymatic digestion (15) . They are cultured on the coated silicon chips in enriched DMEM (Linaris, Wertheim-Bettingen, Germany) containing 2 g/liter NaHCO 3 , 4.5 g/liter D-glucose, 1.028 g/liter L-glutamine, 10 ml/liter insulin-transferrin-selenium-X (Invitrogen, Carlsbad, CA), and 1:250 penicillin and streptomycin (10,000 U/ml; Linaris). Two hours after seeding, 5% fetal bovine serum (Invitrogen) is added to the medium. Experiments are performed after 1 to 3 days.
Solutions
Vesicle release is induced by 3 mM BaCl 2 using a u-tube (Hilgenberg, Malsfeld, Germany) pulled to an inner diameter of 180 mm and mounted on a piezo actuator (16) . The solutions are delivered by a syringe pump at a rate of 2 ml/h. To avoid pollution with Ba 21 ions, the chamber is continuously perfused with a bath solution at 2 ml/min. We use three different solutions with an osmolarity of 320 mOsm at a pH 7 
FLIC measurements
The distance between silicon dioxide and the plasma membrane of chromaffin cells is determined by fluorescence interference contrast (FLIC) microscopy (17) . The FLIC chips are cleaned and coated by the same procedure as the transistor chips. The cells were stained with the cyanine dye DiC 18 (3) (Molecular Probes, Eugene, OR). The fluorescence intensities on four oxide terraces are determined and fitted by the FLIC theory.
Amperometry
Before a measurement a carbon fiber of 5 mm diameter (ALA Scientific Instruments, Westbury, NY) is cut and dipped into isopropanol for a few seconds. It is gently pressed against the cell membrane to achieve local detection of vesicle release and held at 800 mV versus Ag/AgCl. The current is recorded with a bandwidth of 1 kHz. For the histograms of buffer action, the carbon fiber was placed on the upper cell membrane, and 354 peaks of five cells were evaluated at 5 mM HEPES, 457 peaks of five cells at 10 mM, and 493 peaks of seven cells at 20 mM.
Numerical simulation
In a theoretical model we compute the release of a vesicle into the cleft between the chromaffin cell and the transistor. We assume that the vesicle matrix is extruded at a constant volume flux so that a pancake is formed on the gate oxide with a constant rate. In contact with the extracellular solution, the solutes of the vesicle with 110 mM ATP, 500 mM epinephrine, 20 mM NaCl at pH 5.5 diffuse into the surrounding cleft and the solutes of the cleft diffuse into the matrix. All diffusion coefficients in the matrix are assumed to be reduced by a factor 1/100 with respect to the values in the electrolyte of (in mm 2 /ms) H 1 9.31, Na 1 1.33, Cl À 2.03, HEPES 0.79, ATP 0.4, and epinephrine 0.6. The reaction of protons with ATP, HEPES, and the silanol groups of the oxide is assumed to be fast (18) with pK values of 7.52 for HEPES and 6.5 for ATP and with an intrinsic pK sil i ¼ 5:9 for the silanol groups of the oxide (19) .
We compute the diffusion of all species along the narrow extracellular cleft of the cell-chip junction with an Euler forward algorithm. Gradients of the electrical potential along the cleft are neglected because of the high salt concentration. The simulation is performed on two quadratic grids, one for the area of release (mesh width 0.02 mm on 1 mm 3 1 mm), and another for the rest of the cell-chip junction (mesh width 0.2 mm on 16 mm 3 16 mm).
The concentrations across the cell-chip junction are assumed to be equilibrated because the diffusion across the narrow cleft as well as the buffer reactions are fast compared to lateral diffusion. Within each iteration step, we compute the electrical double layer of the oxide/electrolyte interface with the one-dimensional nonlinear Poisson-Boltzmann equation by a Newton-Raphson algorithm (20) taking into account all ions in the electrolyte and all buffer equilibria. The density of surface charges is given by the dissociated silanol groups. 
RESULTS
Transistor recording and amperometry
A chromaffin cell on the open gate of a transistor is shown in Fig. 1 B. The cell has a diameter of 15 mm and covers onehalf of the gate with an area of 2 mm 3 20 mm. The distance between the cell membrane and the oxide surface is ;50 nm measured by FLIC microscopy. A carbon fiber is gently pressed to the cell membrane and to the transistor surface. Using a u-tube, we apply a 10-s pulse of 3 mM BaCl 2 that induces a release of vesicles for several minutes (21) . The responses of the transistor and of the carbon fiber are shown in Fig. 2 A. In both traces we see a stochastic sequence of sharp events. Within 5 min there are 282 peaks in the transistor signal with amplitudes up to 5 mV, whereas the amperometric record exhibits 243 current pulses.
The overall distribution of the events in time is similar for the transistor recording and for the carbon fiber. We find 111 pairs of events with a distinct correlation in time so that the amperometric response is recorded within 10 ms after a transistor signal. The 79 events that appear within a time window of 5 ms are indicated by the bars in the center of An example of two coincident signals is plotted in Fig. 2 B. The amperometric current rises within 2 ms and decays within 10 ms. Before the main signal there is a ''foot structure'' with a duration of ;40 ms that is known to indicate a first stage of vesicle fusion (7) . The main transistor signal also rises within 2 ms. However, it decays distinctly more slowly over 40 ms. There is a weak response before the main signal, in analogy to the foot structure of amperometry.
Considering the frequency of events as well as the shape of the individual signals, we conclude that the events of the transistor record are caused by the release of individual dense-core vesicles in analogy to the events of amperometry. We assign correlated events with delayed amperometric spikes to fusion sites near the periphery of cell adhesion so that released substances can reach the carbon fiber by diffusion along the cleft. The different waveform of the two kinds of signals must be attributed to the different mechanisms of the two recordings.
Proton signal
In principle, the signal of a field-effect transistor beneath an attached cell may indicate a changed voltage drop in the electrical double layer from the oxide surface to the cell-chip junction or a voltage in the cell-chip junction with respect to the bath electrolyte (14) . However, during the vesicle release of a chromaffin cell, there is no flow of electrical current that would give rise to a voltage in the cell-chip junction as is observed with open ion channels (13, 14) . Thus, the transistor signal must be caused by an effect on the electrical double layer.
We assign the observed voltage signal to a change of the pH in the cell-chip junction that is caused by the acidic content of dense-core vesicles. The transistor plays the role of a classical ion-sensitive field-effect transistor. Two experiments are performed to verify this hypothesis: 1), we abolish the low pH in the vesicles, and 2), we enhance the concentration of extracellular acid-base buffer.
The low pH in dense-core vesicles breaks down when nigericin and valinomycin are added to promote an equilibration of protons across the vesicle membrane (22) . Using the u-tube, we apply BaCl 2 in an electrolyte with nigericin/ valinomycin and an enhanced KCl concentration. The signals of transistor recording and of amperometry are shown in Fig. 3 . At first there is a burst of events followed by a period of 30 s with low activity. After this initial phase, a series of events is observed by the carbon fiber as well by the transistor. However, the amplitudes of the transistor record are very weak, whereas the amplitudes of the amperometric signal are quite normal. Thus, the events of the transistor recording are related to the intravesicular pH.
In a second approach, we enhance the concentration of extracellular HEPES buffer from 5 mM to 20 mM and observe the events of the transistor recording and of the amperometry before and after the change. Fig. 4 A shows the average of the five highest peaks in an experiment. Apparently, the amplitude and the duration of transistor signals are lowered, whereas the amperometric signals remain unchanged. The integral distribution of rise time, decay time, and amplitude of the transistor records and of the amperometric signals from numerous experiments are shown in Fig. 4 B with 5 mM, 10 mM, and 20 mM HEPES. The wide variation of the signals is caused by the distribution of vesicle size (23) . For the transistor records, the median of the rise time is invariant around 2 ms, the median of the half-width drops from 35 ms to 16 ms and to 11 ms, whereas the median of the amplitude drops from 1.4 mV to 0.9 mV and to 0.6 mV. With amperometry the buffer concentration has no effect with constant medians of the rise time (2.5 ms), of the half-width (11 ms), and of the amplitude (20 pA).
We conclude that the events of transistor recording during vesicle release are caused by a proton signal, similar to recordings by pH-sensitive fluorescent dyes (24) . Amplitude and half-width of the signals are determined by the dynamics of pH in the extracellular space.
DISCUSSION
Field-effect transistors are able to detect the release of individual dense-core vesicles from chromaffin cells. The discrete signals are caused by a release of protons that gives rise to a low pH in the narrow extracellular space between the cells and the oxide surface of the chip. The local pH change is detected by the transistor with a response time that is similar to that of amperometry.
To explain details of the transistor signals, we consider two approaches: At first, we discuss how the dynamics of the extracellular pH are affected by acid-base buffers in the celltransistor junction. Then we describe a model that relies on an extrusion of the vesicles and a slow diffusion within the released matrix.
Buffer model
We assume that the release of protons is coupled to the fast release of catecholamine indicated by the amperometric signal. The question is whether the slow decay of the transistor records results from an effect of acid-base buffers.
We take into account a mobile HEPES buffer with a concentration c 
Extrusion model
Strong stimulation of chromaffin cells leads to an extrusion of the complete vesicle content including the chromogranin matrix (6). The involved process implies an expansion of the fusion pore, a concomitant enhancement of the release area, expulsion of the matrix, a swelling of the matrix by osmotic effects and ion exchange, slow diffusion of small molecules within the matrix, and a diffusion to the extracellular medium. We consider a simplified model to explain the response of a transistor with an attached chromaffin cell. First, we assume that the vesicle matrix is squeezed into the narrow cleft between cell and chip. Second, we consider slow diffusion in the pancake of extruded matrix and normal diffusion in the surrounding extracellular space. The resulting change of pH on the gate, in the area of the extruded matrix and beyond, determines the average change of the voltage drop in the electrical double layer of the gate oxide.
In a computer simulation (see Methods), we assume that the matrix of a vesicle with a typical diameter of 340 nm (23) expands at a constant rate to form a pancake with a diameter of 0.75 mm on the gate and a thickness of 50 nm. The diffusion coefficients of protons, ATP, epinephrine, HEPES, and NaCl are assumed to be lowered in the matrix compared to the extracellular space. All buffers are assumed to be locally equilibrated. For the silanol groups of the oxide, we assume a single intrinsic dissociation constant with pK sil i ¼ 5:9. The dissociated silanol groups determine the surface potential as described by the Poisson-Boltzmann equation. We match the transistor record with 5 mM HEPES by choosing an extrusion time of 3 ms, a reduction of all diffusion coefficients in the matrix by a factor 1/100 as was considered for epinephrine and serotonin (6, 26) , and a low density of 0.5310 14 cm À2 for the silanol groups. The values of all other parameters are given in the Methods section. Fig. 5 A shows the pH profiles at 3, 7, and 20 ms after the start of extrusion for 5 mM HEPES. In the initial phase, a change of DpH ¼ À1:6 arises in the area of the extruded matrix. Later, that local effect decays, and a change of pH appears in the surround. In Fig. 5 B the concomitant changes of the surface potential are plotted with an initial local change of Du S ¼ 40 mV. Part of that change results from proton binding to the silanol groups, with a minor component caused by the high salt concentration in the matrix. From the profile of the surface potential on the whole gate area of 2 mm 3 20 mm, we compute the average change of the surface potential. The result is shown in Fig. 5 C (drawn lines) . There are a fast rise up to 1.2 mV within 3 ms -determined by the large local change in the area of the matrix and a slow decay within 35 ms that is related to the changes on the whole gate. The decay of the signals is quite slow despite the low concentration of the immobile buffer. When the concentration of HEPES is enhanced from 5 mM to 10 mM and 20 mM, both the amplitude and the duration of the signals are lowered in the model, as shown in Fig. 5 C, an effect that is in agreement with the experiment but not described by the simple buffer model.
We check the validity of the extrusion model by variation of the three crucial parameters: the extrusion rate, the density of silanol groups, and the diffusion coefficients in the matrix. 
Limit of sensitivity
We can clearly identify signals with an amplitude of 200 mV in the noise of the transistor record. This limit corresponds to a vesicle diameter of ;170 nm, if we assume that the 1.4-mV median of the transistor signals corresponds to a release of dense-core vesicles with a diameter of 340 nm in chromaffin cells (23) .
If low-noise transistors (27) were used with the same gate area of 40 mm 2 , signals with an amplitude of 50 mV could be identified. Such signals would correspond to a vesicle diameter of 105 nm, typical for dense-core vesicles in synapses (28) . A detection of smaller synaptic vesicles could be achieved, if smaller transistors were used, so that a larger fraction of the source-drain current would be affected by a localized pH change. For a vesicle diameter of 50 nm on a gate of 0.5 mm 2 we would expect a signal amplitude around 400 mV at a detection limit of ;300 mV that results from an enhanced 1/f noise with the smaller size of the transistor gates (27) .
CONCLUSION
The bioelectronic device of a chromaffin cell on a field-effect transistor establishes a chemical cell-semiconductor synapse where the presynaptic release of vesicles is coupled to a postsynaptic response of an electronic current. Field-effect transistors are a novel tool to monitor the exocytosis of vesicles with a time resolution similar to that of amperometry. Because of signaling by protons, through this method it is possible to probe vesicles with electrochemically inactive hormones or transmitters. Large transistor arrays with a pHsensitive oxide surface as fabricated by extended CMOS technology (29) may allow parallel recordings of many cells to achieve reliable statistics for physiological experiments and drug screening. For neuronal networks on semiconductor chips, we may envisage a simultaneous mapping of the electrical activity and of synaptic transmission.
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